Introduction
Hybridization has fascinated biologists for many decades [1] [2] [3] . It has been considered as evolutionary noise, as a delay in the speciation process [4] , or, conversely, as a source of biological novelty, promoting diversification [5] . At least 10% of animal species and 25% of plant species are known to be of hybrid origin [2] . Obligate pollination systems, in which the plant and/or the pollinator are completely dependent on the other member for successful reproduction, are often exceptionally diverse, such as in euglossine bees and orchids [6] , Epicephala moths and Phyllantheae [7] , and Agaonidae wasps and figs (Ficus) [8] . Host recognition and pollinator choices determine the patterns of plant gene flow in those systems, and pollinator isolation is believed to play a central role in reproductive isolation among sympatric plant species [9] [10] [11] [12] . Studies on these obligate pollination systems may also help unravel the role of insect pollinator-mediated hybridization in plant diversification [13] , given the association between diversity and apparently close coevolutionary relationships between plants and the obligate insect pollinators.
The mechanism and degree of pollinator specificity is a critical aspect for understanding genetic diversification in flowering plants, particularly among sympatric plants, where this specificity is a primary source for reproductive isolation among plant taxa [9, 11, 14] . The floral volatile signature, which often consists of a mixture of volatile organic compounds, is believed to be the main & 2016 The Author(s) Published by the Royal Society. All rights reserved. mechanism for maintaining pollinator specificity in many obligate pollination systems [10, 15] . Intraspecific variations in floral volatiles may allow multiple pollinator species to coexist on one host [16] , while their similarity among different plant species may facilitate pollinator sharing or shifts [17, 18] . The extent to which plant taxa in an obligate system maintain the identity of their floral signature, especially among sympatric closely related taxa, may be critical to guarantee the reproductive isolation of plants. Further, the occurrence of multiple pollinators per host, pollinator sharing and pollinator shift events have been reported in many obligate pollination systems [6, [19] [20] [21] . Temporal isolation [22] or habitat preference [23] have also been mentioned as mechanisms to maintain reproductive isolation. However, the strength of reproductive isolation largely depends on the scale of the pollinator sharing and subsequent inter-taxa gene flow. If a high degree of pollinator sharing exists, the biological identity of those species would be challenged [9, 13, 24] .
Ficus (Moraceae) is one of the most species-rich genera of woody plants, with over 800 species, greater than the total species number in all other 38 genera (approx. 325 species) in the Moraceae family [25] . Figs and pollinating fig wasps form an extreme obligate pollination mutualism [26] . In most cases, this mutualistic system follows the 'strict matching' rule, where one plant species is pollinated by one wasp species, with each species completely dependent on the other to achieve reproductive success [8] . The species-specific floral volatiles produced during the receptive phase and the attraction of the obligate fig wasp species have been regarded as the mechanism that ensures pollinator specificity in the fig -fig wasp system , similar to most other obligate pollination systems [9, 27] . However, cases of multi-pollinator species per fig species or pollinator sharing among different fig species have also been reported in both monoecious and dioecious figs [19,28 -29] . The role of floral volatiles alone in maintaining pollinator specificity is also doubtful as the volatiles of some fig taxa are attractive to pollinators of other figs [30 -31] . Furthermore, temporal hybridization and introgression have been detected in several studies due to the pollinator sharing [17,23,32 -33] . Thus, the fig -fig  wasp system would be an ideal group to evaluate how pollinator sharing and hybridization affect the plant species identity and the co-diversification of plants and their pollinators.
In tropical China and neighbouring areas in southeast Asia, two Asian sections (Sycomorus and Hemicardia) of Ficus subgenus Sycomorus provide an excellent study system, where pollinator sharing may lead to inter-taxa gene flow among sympatric dioecious host figs [23, 31, 34, 35] . In southwest China, three cryptic fig wasps have been observed pollinating three morphological fig taxa of the Ficus auriculata complex with a certain degree of pollinator sharing [19, 23] . In experimental host switching studies, each pollinator could develop well, with some variation of fitness, in an atypical host fig taxon [36] , and natural hybrids have been detected in field studies [23] . Pollinators of two varieties of F. semicordata also preferred the floral volatile signature of either of two morphologically distinct figs varieties, while viable bidirectional hybrid seeds were produced by artificial host switching without significant reduction in seed fitness and germination [31] . Though [34] . At least three cryptic wasp taxa of Ceratosolen emarginatus pollinate the F. auriculata complex [19, 23] . The other two taxa are morphologically distinct varieties of F. semicordata in section Hemicardia: F. semicordata var. semicordata Buch.-Ham. ex Sm. (FSS) and F. semicordata var. montana Amatya (FSM) [31, 35] . FSS is pollinated by Ceratosolen gravelyi [38] , and FSM is pollinated by Ceratosolen sp. based on our preliminary study [31] .
Despite having similar leaf traits and tree forms, identification of the two varieties of F. semicordata in the field is rather easy. FSS has white latex and large fruits, while FSM has yellow or pink latex with rather small fruits. Fruit colour during the receptive phase is also different; green or light brown in FSS and dark red in FSM [31, 35] . For the taxonomy of the three taxa from F. auriculata complex, we mainly followed the criteria described by Wei et al. [23] . Ficus auriculata has large and broad lamina, large fruits borne on the stout long leafless branchlet (more than 20 cm), and flowers with a white perianth. Ficus oligodon (Southern F. oligodon type described by Wei et al. [23] ) has smaller and narrower lamina than that of F. auriculata, with larger fruits and whiter perianth, while the fruit branchlet is shorter (less than 10 cm). Ficus hainanensis has the smallest and narrowest lamina, fruits are distinctively smaller, with purple perianth, and fruit branchlet longer than 50 cm. flower phase syconium or one to three individuals per receptive syconium were used for molecular identification (see below). Dried leaf samples of figs and wasp samples in 95% alcohol were stored at 2208C for DNA extraction.
(b) Pollinator sharing ratio evaluation (i) Molecular identification of fig wasp
Total genomic DNA of 87 wasp individuals was extracted with DNA Extraction kits (TransGen, Beijing, China). Mitochondrial COI gene fragment was sequenced de novo with primer and protocols of Weiblen et al. [39] . Sequences were deposited in GenBank (accession nos. KP325490-KP325576). To identify fig wasps and detect potential pollinator sharing among focal and sympatric non-focal Ficus species, a super Ceratosolen wasp phylogeny (electronic supplementary material, appendix S1), including almost all Ceratosolen species with COI gene deposited in GenBank, was created. In total, of the 795 sequences of the 74 Ceratosolen species with COI sequences available in GenBank, 289 sequences of 72 species were used for the analysis. The 87 de novo sequenced sequences in this study were also included. Two Ceratosolen species-C. vissali (host F. theophrastoides) and C. acutatus (host F. vogeliana), which are taxonomically distantly related with C. emarginatus and C. gravelyi in a recent super wasp phylogeny [26] -were removed as their aligned sequence are too short (less than 400 bp). One to 10 sequences of each non-focal Ceratosolen species were maintained to achieve each species representation. Another two Tetrapus sequences were downloaded as outgroups. All 291 COI sequences (electronic supplementary material, appendix S5.1) were aligned in MEGA 5.0 [40] . The Bayesian tree was established using MRBAYES v. 3.1.2 [41] with GTR þ G model selected as best-fit model by hierarchical likelihood ratio tests in JMODETEST1.1 [42] . The Markov chain Monte Carlo analysis was run twice for 20 million generations, sampling a tree every 100 generations and excluding the first 10 000 corresponding to the burn-in period. The stationary distribution converged with a final standard deviation of split frequencies of 0.0105. Posterior probabilities were obtained for each given node of sampled trees. Based on the molecular identification results, wasp individuals that formed a well-supported monophyletic clade were taken as one pollinator species.
The mitochondrial gene (COI), a widely used barcode gene [43] , can be effectively used for species identification of Ceratosolen fig wasps. Three cryptic species within C. emarginatus and two within C. gravelyi, which were collected from the same site (XTBG), were detected with either of mitochondrial COI gene and nuclear 28S gene in a recently published study [19] . That suggested the species identification using COI is unlikely to be confounded by issues such as genetic introgression of ancestral polymorphism. All COI sequences in that work were included herein and supported the former result.
(ii) Evaluation of pollinator sharing ratio table S2 . Microsatellite alleles (electronic supplementary material, appendix S4) were genotyped using the ABI 3730 Sequencer with ROX 500 as the size standard (Applied Biosystems). Allele scoring was conducted using GENEMAPPER v. 3.2 software.
For species identification and determination of possible hybrids among five morphological fig taxa, Bayesian clustering analyses were performed using the STRUCTURE software [44] . Each individual was assigned to one or more ancestral species based on its genotype, and hybrids were identified as those with partial assignment to more than one ancestral species. Without considering prior species identifications, the most appropriate ancestral species number (K) was five, which was consistent with the morphological classification of the five fig taxa. Assuming K ¼ 5, with prior information on species identification, the cluster analysis was performed independently for each fig taxon with the inter-taxa migration rate of v ¼ 0.1, 0.05 and 0.01 separately to get the genetic structure of five figs.
BayesAss analysis was performed with its default settings to reconfirm the results from STRUCTURE analysis and to calculate the gene flow level among five figs [45] . BayesAss estimates the posterior probability distribution of an individual's ancestry and the recent immigration rates among populations (taxa) with Bayesian method and Markov chain Monte Carlo techniques. Each individual would be assigned as an immigrant from a specific population, a non-migrant, or an offspring of immigrant and non-migrant (hybrids) based on its genotype. [26, 37] and morphological classification [34] . The procedure herein follows that in Xu et al's work [37] .
(ii) Fig phylogeny

(d) Floral volatiles variation of sympatric fig taxa
Floral volatiles produced during the receptive phase were collected in situ with the dynamic headspace technique following the method in Chen et al.'s work [27] at the Menglun study site between April 2011 and June 2012. Samples were analysed with gas chromatography-mass spectrometry (GC-MS), and compounds were identified and quantified following the procedures of Wang et al. [31] . Compounds were mainly identified by matching of mass spectra with the NIST 08 MS libraries, and by comparison of Kovats retention indices with that reported in the NIST chemistry Web Book (http://webbook.nist.gov) and published data. The pick area of each compound was used for quantification. The MS data were used for compound identification and GC data for quantification. Floral volatiles from 40 trees of five fig taxa (6-11 trees per fig taxon) were collected (electronic supplementary material, table S3). Volatile profile data of two varieties of F. semicordata have been published [31] . The comparison of fig volatile composition among samples was conducted with permutational multivariate analysis of variance (PERMA-NOVA) using the 'adonis' function of 'vegan' package [46] in R. Relative proportions of all compounds with respect to the total peak area were square root transformed and scaled by the standard deviations. A non-metric multidimensional scaling ordination (NMDS) was conducted with 'metaMDS' function, based on rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20152963 the Bray-Curtis distance to obtain the best two-dimensional representation of the distance matrix of volatiles. figure S1 ). One case of pollinator sharing between distantly related figs was detected between two figs of F. auriculata complex and F. tsiangii (subgenus Sycidium), with pollinator sharing ratio of 3.03 and 6.25% (table 1; electronic supplementary material, figure S1 ).
Results
Phylogenetic relationships among pollinators of five focal fig taxa detected from the phylogeny based on exclusively de novo sequences (electronic supplementary material, figure S3) were confirmed with the super-phylogeny of all Ceratosolen species recorded in GenBank (electronic supplementary material, figure S1), and the relationship was also congruent with the recent publication of wasp phylogeny [26] . At least six monophyletic clades of focal pollinators were detected with both the de novo sequences and sequences downloaded from GenBank (electronic supplementary material, figure S1 ; table 1). Pairwise P-distance among the six wasp clades (5.1-11.4%) was markedly greater than within-clade distance (0.1-1.9%; electronic supplementary material, table S4). Three downloaded sequences of wasps from F. semicordata var. semicordata, F. oligodon and F. hainanensis were spread out in the wasp phylogeny, suggesting that more pollinator sharing events may exist among distantly related figs (electronic supplementary material, figure S1 ). Ficus semicordata var. semicordata and F. auriculata complex belong to different sections and form two distant and distinct phylogenetic clades, while their pollinators, C. gravelyi and C. emarginatus, are two sister species (electronic supplementary material, figures S1-S3), suggesting a pollinator shift event between them. It is unlikely that geographical factors influence the wasp phylogeny, since the pollinators sampled from the same host fig taxa at different sites were often found within the same clade (electronic supplementary material, figure S3 ). 
Discussion
The importance of occasional and persistent gene flow during the process of diversification and speciation has been demonstrated in many different groups [2] [3] 5] . Figs and their pollinating fig wasps perhaps represent an extreme case of an obligate pollination system in plant -insect coevolution [26] . However, the species-specific pollination relationship has been repeatedly challenged [17, 19, 29, 32] . Here, we (a) Inter-taxa pollinator sharing of figs
Previous studies have reported a significant amount of pollinator sharing in monoecious figs [13, 17, 19, 29] , while pollinator sharing in dioecious figs was predicted to be rather low [19, 28] [19] , only this study experimentally compared the ratio of taxa within same section and that from different sections. The pollinator sharing ratio may be overestimated with wasps collected from receptive syconia if wasps have lower survival on 'non-typical' hosts, compared with the ratio calculated based on wasps emerging from syconia in the male flower phase [14] . The high pollinator sharing ratio within F. auriculata complex may be partially explained by this reason, as all pollinators of FA and half the pollinators of FO were collected from receptive syconia (electronic supplementary material, table S1). However, the pollinator sharing ratio herein should be accurate, as pollinators emerging from each fig taxon of F. auriculata complex could develop and mature well in other two atypical host fig taxa without a significant decrease in offspring fitness [36] .
(b) Floral volatile signature and its role in pollinator specificity
Our experimental evidence suggests that the relationship between the chemical composition of the floral volatiles and pollinator choice is more complicated than has been generally proposed [10] [11] . These results indicate that pollinator specificity, even among this most strict case of dioecious obligate mutualists [28] , is not completely fixed, and that pollinator sharing among closely related sympatric figs could be rather common. The attraction of specific floral volatiles to other atypical pollinators is understandable, as the specificity of floral volatiles is usually achieved by quantitative differences in relative proportions of many common compounds, and some compounds that actively attract certain pollinators may occur in volatiles of several plants [15] . This flexibility in host preference may also provide an explanation for the atypical pollinators captured in earlier trapping studies [30, 47] . Floral volatiles between two sympatric figs, F. auriculata and F. oligodon, were notably similar and shared at least three pollinator species, with the highest pollinator sharing ratio being 34.88% (table 1; electronic supplementary material,  table S5 and figure S1 ). Floral volatile similarity and pollinator sharing pattern has also been reported in two African monoecious figs [17] . These patterns indicate that the higher degree of pollinator sharing among closely related plants is largely due to the similarity of floral volatile signatures and plasticity of the pollinator's preference. Similar patterns have also been observed in other obligate pollination systems. For sexually deceptive orchids, some plants use almost the same volatiles and attract the same pollinators [18] . Many orchid species depend upon a single male euglossine bee species for pollination [48] . Seven Yucca plants from section Chaenocarpa even share one moth pollinator and at least three of them show similar floral volatiles [49] . Species-specific floral volatiles, though, as the guarantee of pollinator specificity, also seem to facilitate the pollinator sharing among sympatric plants among closely related plants in obligate pollination systems.
Although multiple wasp taxa may have been attracted to one host fig taxon in the behaviour test, the impact of this behaviour on the main conclusion could be negligible. table S6 ). Similar to the pattern of floral volatiles and pollinator sharing, gene flow was highest among figs from the same section (migration rate of 1.74% for two varieties of F. semicordata and 9.61% for F. auriculata to F. oligodon). Figs with more similar floral volatiles (F. auriculata and F. oligodon) had higher frequencies of pollinator sharing and higher levels of inter-taxa gene flow, suggesting a causal relationship among similarity of floral volatiles, pollinator sharing and inter-taxa gene flow of Ficus plants. To the best of our knowledge, this is the first study that has shown the connection among the three factors in a fig-fig wasp system . Strong pollinator isolation and weak post-zygotic isolation are a general pattern in many obligate pollination systems; in some cases, no obvious fitness reduction in hybrid seeds was observed in the seed and seedling growth phases [14, 24, 31] . Recent and early natural hybridization accompanied by pollinator sharing or pollinator rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20152963 shifts, as shown here and in previous studies [13, 14, 23, 32, 33] , suggest hybridization and introgression among symmetric fig species should be a natural outcome of pollinator sharing.
The surprisingly high level of pollinator sharing and relatively lower level of genetic introgression among five fig taxa suggests that, beside pollinator isolation, some other barriers possibly maintain the integrity of each fig taxon [22 -23] . Based on our field surveys, habitat isolation could be one of the most important isolating barriers. Two varieties of F. semicordata clearly have light niche divergence, with FSS preferring an open, light-rich area, while FSM prefers closed primary rainforest or valley sides. Three fig taxa in F. auriculata complex show different preferences in soil type and elevation range, with F. auriculata preferring rich soils at low elevation, while F. oligodon and F. hainanensis prefer limestone-rich soil, the former at higher elevation while the latter prefers more moist areas [23] . Habitat specialization may have limited the inter-taxa gene flow mediated by pollinator sharing through outbreeding depression. Asymmetrical gene flow may also be explained partially by the unidirectional hybrid depression [5] . Additionally, some degree of flowering phenology isolation may partially contribute to the establishment of reproductive isolation [23, 51] . fig-fig wasp systems . The evolutionary relationships between plant species and their obligate pollinators vary among different obligate pollination systems (e.g. Epicephala-Phyllantheae [52] ; euglossine bees-fragrance orchids [48] ; sexually deceptive orchids [11] ). However, plants in all such systems mainly depend on specific floral volatiles for establishing relatively strict but not absolute pollinator specificity (thus pre-zygotic isolation) among sympatric plant species [6, 7, 10, 24] . It is likely that a certain degree of pollinator sharing and gene flow among sympatric closely related plants also exists in those obligate pollination systems. How the frequency and extent of hybridization contributes to the diversification of the two partners in these coevolutionary relationships will be the next important question to address.
Conclusion
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